Abstract Surface enhanced infrared absorption spectroscopy (SEIRAS) with attenuated total reflection (ATR) configuration has been used to determine bovine serum albumin (BSA) protein adsorbed onto bare gold nanoparticles (AuNPs). The AuNPs forming the SEIRA-active substrate were directly synthesized inside the ATR liquid cell taking advantage of stainless steel assisted synthesis via the walls composing the ATR compartment. The formation of the AuNPs can be directly monitored via the enhancement of the corresponding water absorption features. The absorbance of BSA at the AuNPs deposited onto the Si ATR waveguide is significantly enhanced when compared to bare Si, thereby improving the sensitivity of detection. Apparently, the presence of the AuNPs layer at the ATR waveguide surface at the measured conditions does not affect the secondary structure of the protein. Measurements were performed in water and confirmed in deuterium oxide, which significantly reduces the strongly absorbing mid-infrared background of water in the spectral regime of interest. The limits of detection achieved for BSA protein analysis in water and deuterium oxide media are 1.93 and 4.15 mg·L −1 , respectively, and the precisions at a 250 mg·L −1 concentration are 11.9% and 8.1%, respectively.
Introduction
Mid-infrared (MIR) spectroscopy investigates the interaction of MIR photons with molecules via the excitation of vibrational and rotational modes with inherent molecular selectivity. Hence, an ideal platform for optical sensing applications including the analysis of proteins is provided [1] . The MIR characteristics of proteins include bands that arise predominantly from vibrations within the peptide backbone such as the amide I and amide II vibrations among others. The amide I band (1600-1700 cm −1 ) is related to C = O stretching vibration, whereas the amide II band (1500-1600 cm −1 ) is associated with the CN stretching and the NH in-plane bending [2] .
Infrared attenuated total reflection (IR-ATR) spectroscopy is a commonly used analytical technique to study proteins in general, and more specifically, protein conformation and aggregation. An evanescent field generated by electromagnetic radiation totally internally reflected along the waveguide/ sample interface penetrates with exponentially decaying field strength into the adjacent medium. Thereby, MIR photons may interact with molecular species present within few micrometers of the ATR waveguide surface, i.e., the penetration depth of the evanescent field. Complementarily, surface enhanced infrared absorption spectroscopy (SEIRAS) has become a powerful tool to study adsorption and desorption processes, for example of biological molecules such as proteins at noble metal films. Hartstein et al. [3] reported for the first time on the so-called surface enhanced infrared absorption effect occurring at such noble metal surfaces. The observed enhancement is attributed to both an electromagnetic Electronic supplementary material The online version of this article (doi:10.1007/s00604-016-2031-0) contains supplementary material, which is available to authorized users. enhancement, which increases the local electric field at the surface, and a chemical enhancement mechanism resulting from chemical interactions between molecules and metallic nanoparticles [4] .
SEIRAS measurements are usually carried out at individual metal islands or metal island films. The achieved signal enhancement depends on the size, shape, and particle density of metal island film [5] . Thus, templates such as periodic particle-array films [6] prepared by nanosphere lithography have been used for obtaining a controlled SEIRA-active surface morphology. Alternatively, wet-chemical deposition of nano-islands noble metal films have been reported [7] .
We propose herein the in-situ synthesis of bare gold nanoparticles as SEIRA substrate inside the ATR liquid cell taking advantage of the stainless steel walls of the compartment, as pioneered by the team of Mizaikoff [8] . In this process, stainless steel acts as a reducing agent, which leads to the inherent formation of a thin layer of AuNPs deposited at the ATR waveguide surface within the evanescent field [8] . This facile and rapid procedure for the in-situ formation of AuNPs at a substrate surface facilitates establishing a renewable SEIRAsurface prior to each measurement. In addition, the formation of the SEIRA active layer can be readily monitored in-situ by tracking the enhancement produced on the corresponding water absorption bands. During previous studies our research team has demonstrated the suitability of the stainless steel mediated bare AuNPs for surface enhanced Raman spectroscopy (SERS) [9, 10] improving the determination of carbon nanotubes [11] . Herein, we report investigations on the suitability of these in-situ formed bare AuNPs for enhanced protein analysis in the MIR region.
ATR-SEIRAS has been used to monitor the adsorption kinetics of bovine hemoglobin (BHb) at an AuNP film deposited at a hemispherical silicon surface via a galvanic exchange reaction [12] , as well as for monitoring the oriented assembly of strep-tagged membrane proteins at a gold surface [13] . In addition, this approach has also been applied for monitoring protein-protein binding interactions [14] . Moreover, the interaction [15] , adsorption [16] , and dynamics [17] of cytochrome c have been also investigated via SEIRAS.
Bovine serum albumin (BSA) is a protein composed of 583 amino acids with a molecular weight of approximately 66.5 KDa. The secondary structure of BSA is dominated by helical structures (67%) along with turn and extended chain configurations [18] . BSA protein has a rather high affinity towards gold nanoparticles, since albumin in general presents an external thiol group available for conjugation to the AuNP surface [19] . Binding of BSA to citrate-coated AuNPs has been described [20] , while binding of BSA to bare gold is nearly twice as pronounced [21] . Herein, the determination of BSA protein has been advanced by taking advantage of the affinity of the protein to in-situ synthesized and readily renewable bare AuNPs present within the evanescent field of a multireflection IR-ATR waveguide. Thereby, the potential for a label-free mid-infrared protein conformation assay technology with enhanced sensitivity is clearly evident. In-situ synthesis of bare gold nanoparticles inside the ATR liquid cell
Materials and methods

Reagents and materials
Gold nanoparticles were directly synthesized inside the liquid cell of the ATR unit by taking advantage of the stainless steel walls of the cell, similarly to the procedure previously described by our research team [8, 9] . 20 μL of a 0.1% tetrachloroauric acid solution were placed into the ATR liquid cell, where the spontaneous formation of gold nanoparticles occurs. The reaction was maintained for 15 min prior to the protein measurements. During this period, the obtained AuNPs inherently sedimented at the ATR waveguide surface. The synthesis of the AuNPs can be directly monitored by following the signal enhancement on the water absorption features resulting from the corresponding SEIRA effect.
Surface enhanced infrared absorption studies
SEIRA spectra of protein samples were recorded using a Bruker Vertex 70 FT-IR spectrometer (Bruker Optik, GmbH, Ettlingen, Germany) equipped with an attenuated total reflection unit (ConcentratIR2; Harrick Scientific Products, New York, USA) comprising a silicon ATR sampling plate optically connected to ZnSe radiation coupling optics. A liquid nitrogen cooled MCT detector was used for signal recording. Gold nanoparticles were first synthesized and deposited at the ATR crystal surface for 15 min, and the remaining solution containing unreacted tetrachloroaurate acid and AuNPs not sedimented at the ATR surface were removed. A background spectrum of water or deuterium oxide, respectively, on top of the AuNP film present within the evanescent field was acquired. Then, 20 μL of BSA solution in water or deuterium oxide were placed into the ATR cell, and measurements were performed by averaging 200 spectra in the spectral window of 4000-800 cm −1 at a spectral resolution of 2 cm −1 . Data acquisition and processing was performed using the OPUS 6.5 software package (Bruker Optics, Ettlingen, Germany). 10 mmol·L −1 SDS solution followed by distilled water was used for cleaning the ATR cell and the waveguide surface after each measurement. For fundamental complementary studies, the synthesis of AuNPs inside the ATR cell was additionally investigated using a BioATR-II system (Bruker Optics, Ettlingen, Germany) also comprising a silicon ATR sampling plate. However, this ATR unit facilitates temperature control and can be sealed in order to avoid evaporation of the tetrachloroauric acid solution during the synthesis.
Analysis of IR spectra
Data were analyzed using the OPUS 6.5 software package and PeakFit software. Evolution of the synthesis of AuNPs was evaluated by determining the height of the δ(H 2 O) bending vibration band at 1644 cm
. SEIRA spectra were analyzed by analyzing the height of the protein amide I band (1600-1700 cm
−1
). Fitting of the BSA spectra in the presence and absence of AuNPs was executed as follows, and as described in detail elsewhere [2] . Firstly, water vapor and CO 2 interferences were excluded using routines provided by the OPUS software package. Then, spectra were smoothed using a 13-point SavitzkyGolay algorithm. Using PeakFit, the amide I band was deconvoluted via a Gaussian peak-fit model, and second derivatives with 20% FFT smoothing were calculated for quantitative secondary structure evaluation.
Results and Discussion
Infrared spectroscopic monitoring of the formation of the SEIRA-active layer Gold nanoparticles were directly synthesized inside the ATR liquid cell mediated by the stainless steel comprising the walls of the cell. As previously shown, stainless steel acts as reducing agent spontaneously leading to the formation of AuNPs without any ligand at the surface [8, 9] . While AuNPs are formed, they inherently sediment at the silicon ATR waveguide surface, and their formation can be monitored by the SEIRA effect produced on the water molecules of the surrounding solution in dependence of the number and density of AuNPs present within the evanescent field. As shown in Fig. 1 , as AuNPs are increasingly depositing at the waveguide surface an enhancement of the water bending and the OH stretching bands is observed.
For monitoring the synthesis of the AuNPs, the peak height of the water bending mode was analyzed. Figure 1 shows the peak height of the water bending mode versus time with t = 0 indicating the initiation of the AuNP synthesis. The background spectrum was immediately acquired once the tetrachloroauric acid solution was placed into the ATR cell such that the observed signal corresponds to the enhancement produced by the AuNPs as they sediment at the surface vs. the absorption of pure water in the absence of AuNPs.
Characterization of the AuNP SEIRA substrate SEIRA substrates formed by the in-situ synthesized AuNP film within the ATR liquid cell were characterized by scanning electron microscopy (SEM). As evident in Fig. 2 , AuNPs are of polygonal or spherical shape with an average diameter of 53 ± 27 nm calculated by measuring the diameter of a total of 2361 nanoparticles (Fig. S1 , see Electronic Supporting Information, ESI). During 15 min of synthesis and sedimentation, the AuNPs are forming a submonolayer coverage at the ATR waveguide with some agglomerates and islands of nanoparticles also present.
Optimization of the HAuCl 4 concentration
The variables that may influence the formation of AuNPs, and consequently, surface enhanced infrared spectroscopy of the protein were analyzed. Firstly, the concentration of the gold precursor, i.e., tetrachloroauric acid solution was investigated in the range between 0.0125-1% (w/v) (Fig. S2, results shown only until 0.1%). All measurements were performed after 15 min of synthesis followed by removal of the supernatant. At low concentrations, a low-density coverage layer of AuNPs is formed at the waveguide surface, which leads to a rather small enhancement of the BSA IR-ATR spectra. At higher concentrations (> 0.5%), the reaction is apparently too fast, thus leading to the formation of a gold layer at the 
Optimization of time of formation for AuNPs
The time of in-situ synthesis for gold nanoparticles was also evaluated. AuNPs were grown for different periods of time in the ATR liquid cell. As shown in Fig. S3 (ESI) , at shorter time periods, only few AuNPs are present within the evanescent field, thus yielding limited signal enhancements, as evidenced by evaluating the height of the BSA amide I band. When increasing the reaction time, more AuNPs are formed, which in turn lead to more pronounced signal enhancements. It has to be noted that these measurements were executed in an ATR unit without top cover, hence, slow evaporation of the aqueous sample may occur. Thus, extended time periods did not lead to further improved signal enhancements, as evident in the inset of Fig. S3 , which is potentially attributed to the simultaneous evaporation of the HAuCl 4 solution.
If AuNPs are synthesized inside a sealed ATR unit where evaporation does not occur (i.e., the cell is entirely filled with solution without any headspace), the anticipated enhancement of the water absorption bands is observed. First, submonolayer coverage with few agglomerates of AuNPs are observed at the Si wafer surface acting as the ATR waveguide, whereas at longer time periods more pronounced agglomeration of AuNPs and island formation is observed. Evidently, no further increase of the absorption features is occurring, which indicates that the signal enhancement is compensated by the displacement of water molecules from the evanescent field due to AuNPs sedimentation [8] (see Fig. S4, ESI) .
AuNPs directly synthesized and deposited on the ATR waveguide are not covalently linked to the surface, thus, before each measurement a new SEIRA substrate is prepared in order to overcome possible irreproducibility due to removal of NPs during the cleaning of the cell. By creating a new substrate, which takes just 15 min and comprises only few microliters of HAuCl 4 solution, the ATR liquid cell can be properly cleaned with sodium dodecyl sulfate solution and water in order to eliminate protein before the following measurement.
IR signal enhancement of bare Au nanoparticles
SEIRA-ATR spectra of BSA at in-situ generated AuNPs and a bare Si ATR waveguide surfaces were compared to evidence signal enhancements resulting from the AuNPs. As illustrated in Fig. 3 , two peaks corresponding to the amide I and the amide II band appear at 1600-1700 cm
and 1500-1600 cm − 1 , respectively. The peak at 1652 cm −1 is attributed to the amide I vibration (C = O stretching) while the amide II band is associated with the N-H stretching vibration along with with C-N and C = C stretching vibrations [22] . The intensity of the amide I vibration was evaluated in the absence and presence of AuNPs at the ATR waveguide surface revealing an enhancement factor of approx. 4, while -as shown in detail in Fig. 5 -the structure of BSA is maintained.
BSA adsorption at AuNPs
The adsorption of BSA onto AuNPs was monitored via the evolution of the corresponding SEIRA-ATR spectra. Figure 4 indicates the increase in height of the amide I band of BSA, as it is increasingly adsorbed onto the AuNPs. It should be noted that the background spectrum is BSA protein at AuNPs at t = 0, thus, only the increase in height of the amide I band by mere accumulation of protein within the evanescent field is observed. As shown in Fig. 4 , if a BSA solution is placed in the ATR cell containing AuNPs, an enhancement is immediately observed. The amide I band entails detailed information on the secondary structure of the protein, as it is related to hydrogen bonds of the peptide chain. Hence, the amide I band is particularly sensitive to structural changes of the protein. In order to study if the adsorption of BSA onto AuNPs affects the secondary structure of the protein, a detailed curve fitting of the amide I band of BSA has been performed in the presence and absence of AuNPs (Fig. 5) . It is evident that the secondary structure of BSA adsorbed onto AuNPs is readily preserved, thus confirming the potential suitability of the developed IR assay approach for studying the true conformational nature of the protein. The amide I band was evaluated using a Gaussian peak-fit model and second derivatives. In this region, BSA is characterized by peaks at approximately 1655 cm −1 , which represent the dominant secondary structure of the α-helix [23] . It has to be pointed out that measurements were performed by directly depositing the BSA solution on the ATR liquid cell with the AuNPs on the waveguide surface, without any incubation time. It has been previously reported in literature that adsorption of BSA protein on Au nanoparticles may induce changes in the secondary structure of the protein [20] ; however, in most of the studies of adsorption of BSA on AuNPs an incubation time (i.e. 1 h) was used, whereas in our conditions for measurements BSA protein and AuNPs are in contact just few minutes (~2 min of the measurement).
SEIRA determination of BSA
The analytical performance of the method was investigated to evaluate its suitability for quantitative analysis and future label-free protein conformation assays. Enhanced spectra at different concentrations of BSA were recorded at the previously optimized conditions (i.e., 15 min synthesis of AuNPs inside the ATR liquid cell using a HAuCl 4 solution with a concentration of 0.1%). Solutions of BSA in water were prepared from a 10 mg·mL The precision of the measurements was evaluated at a concentration of 250 mg·L −1 yielding a relative standard deviation (n = 5) of 11.9%. Fig. 4 Adsorption isotherm for 125 mg ·L −1 BSA solution at AuNPs. AuNPs were synthesized for 15 min, then the BSA solution was placed into the ATR liquid cell, and a background spectrum was recorded. Thus, the peak height illustrates the increase on the amide I signal of BSA, as the protein adsorbs onto the AuNPs Fig. 3 Normalized IR-ATR spectra of 250 mg·L −1 BSA in water adsorbed onto the AuNPs (red), and protein at the unmodified Si waveguide surface (black) SEIRA studies of BSA in deuterium oxide.
Additional measurements were performed in deuterium oxide (D 2 O). Deuterium oxide facilitates the characterization of proteins via IR spectroscopy, as it significantly reduces the strongly absorbing background of water specifically within the spectral regime of interest (i.e., amide I band), while the characteristics of the protein spectra are largely preserved. It should be noted that deuterium substitution causes the amide II band, which usually appears around 1550 cm −1 , to shift to a lower wavenumber (approx. 1450 cm −1 , amide II´) [25] . In addition, an N-H residual amide II peak is present due to the globular nature of the proteins containing labile hydrogens inaccessible to solvent [26] .
Spectra were evaluated similar to the studies in aqueous media evaluating the height of the amide I band. Each data point again corresponds to the average of three independent measurements, and the error bars represent the standard deviation of corresponding the mean value. As depicted in Fig. 7 , the calibration can again be adjusted to a Langmuir isotherm ( Table 1 summarizes the analytical features of the method in both aqueous and deuterium oxide media. Table 2 shows an overview of other studies reported in literature for investigation of different proteins based on surface enhanced infrared spectroscopy, using both nanostructured surfaces as well as gold surfaces.
Conclusions
Surface enhanced infrared absorption spectroscopy enabled the determination of BSA protein with enhanced sensitivity. The innovation of the present study is that bare (i.e., without any organic ligand) AuNPs forming the SEIRA substrate were directly and in-situ synthesized within the ATR liquid cell mediated by the stainless steel enclosure, thereby avoiding the use of additional reducing a b Fig. 6 a Normalized SEIRA-ATR spectra of BSA at different concentrations ranging from 25 to 250 mg·L −1 . b Height of the amide I band from 1600 to 1700 cm −1 in SEIRA-ATR spectra of BSA in aqueous solution vs. concentration. Each point represents the average of 3 independent measurements; error bars relate to the standard deviation of the corresponding mean value. The curve was fitted to a Langmuir isotherm Fig. 5 Curve fitting of the BSA protein amide I band (a) without AuNPs, and (b) with AuNPs. Curve fitting of 500 mg·L −1 BSA spectrum in water. Spectra were fitted by the Gaussian peak-fitting method reagents that would have to be removed prior to protein analysis. Protein determination is very important for clinical diagnostics purposes, in pathology, immunology, etc.
However, one of the problems of protein determination is the low concentrations of proteins in biological media; thus, methodologies for improving the sensitivity of their determination are demanded, which are usually based on the functionalization of the waveguide surface i.e. with enrichment membranes or recognition elements such as antibodies, aptamers, etc., that allows preconcentration of the protein at the evanescent field. With this approach, in which gold nanoparticles can be in-situ prepared inside the ATR liquid cell within a few minutes, we overcome the functionalization of the internal reflection element. Hence, a strategy for an in-situ renewable SEIRA interface at the ATR waveguide surface is provided that may readily combine with a label-free flow assay arrangement. Nevertheless, in the case of samples such as complex biological fluids (i.e. cerebrospinal fluid) or agrifood samples (e.g. milk, since the content of BSA in milk can be used as a marker of the health of the mammary gland of the cow), further investigations regarding selectivity and the potential use of other recognition elements should be investigated.
BSA proteins are characterized by a pronounced affinity towards AuNPs, which enables the determination of their true secondary structure via enhanced infrared signatures, whereby it was shown that the adsorption of the protein onto the nanoparticles does not modify the secondary structure at the selected measurements conditions. Last but not least, quantitative analysis of BSA protein was demonstrated in both water and deuterium oxide with the latter medium minimizing the background absorption of water within the spectral regime of interest (i.e., the amide I band). Hence, the present study evidences the potential of IR-ATR spectroscopy and sensing schemes as label-free mid-infrared protein conformation assay technology with enhanced sensitivity, which is of particular interest in combination with recently emerging miniaturized mid-infrared sensing schemes based on thin-film waveguide technologies combined with quantum cascades lasers [18, [34] [35] [36] [37] . EF =~2 orders of magnitude [33] EF enhancement factor Ni-NTA Niquel-nitrilotriacetic acid complex a Not nanomaterial-based SEIRA substrate (gold film without nanostructure)
